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Etching conditionThis study describes a new methodology for characterizing the sensitivity of personal neutron
dose-equivalent dosimeters consisting of a PN3 (trade name of the CR-39 type) nuclear track detector
coupled with a natural boron converter BN1 (20% 10B, 80% 11B) and enriched boron converter 10B (99%
10B). Both dosimeters (converter + detector) were mounted in an ISO water-ﬁlled phantom and were
simultaneously irradiated in terms of personal dose equivalent Hp(10) ranging between 1 and 4 mSv
under standard neutron radiation ﬁelds generated by (252Cf + D2O) and (252Cf + D2O)/Cd) sources. After
irradiation, the latent tracks produced by alpha particles were revealed through a chemical solution.
The optimum etching conditions (6.25 N, 70 C for 7 h) used, were performed for an initial in-depth study.
The response of the dosimeter was given by the ratio of the average track density obtained by subtracting
the tracks due to the 252Cf + D2O and (
252Cf + D2O)/Cd sources to the dose equivalent. The calibration factor
was found to be 2826 ± 17 tracks.cm2.mSv1. The sensitivity of the dosimeter was observed to be
increased signiﬁcantly using a converter enriched in 10B (99% 10B).
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The revisions of radioprotection policy that occurred between
the ICRP 1990 recommendations in publication 60 [1] and those
of 2007 in publication 103 [2] have shown a difference of effective
doses mainly owing to the revision of the radiation weighting fac-
tor WR assigned to neutrons. The values of WR of ICRP 103 and the
cross sections for neutron interactions depend strongly on incident
neutron energy. Different techniques have been developed for their
detection in different energy regions.
As a general rule, neutrons have to be detected by the photons
and/or charged particles that they induce, speciﬁcally in the pre-
sent case using a neutron converter via the reaction 10B(n,a)7Li,
which produces two ionizing particles. These charged particle tra-
jectories are registered by a PN3 (poly-allyl diglycol carbonate)
nuclear track detector, enlarged by chemical etching, visualized
and counted under an optical microscope.
A PN3 personal neutron dosimeter has several advantages such
as stability, simplicity, low cost, and insensitivity to c-rays. In
many cases, poly-allyl diglycol carbonate has a response function
approximately proportional to the radiation ﬂuence of ambient
dose equivalent conversion coefﬁcients [3–5]. Furthermore, a
report from the International Organization for Standardization(ISO-21909) considers PN3 as one of the ﬁve classes of individual
passive neutron monitors.
Despite the signiﬁcant progress made in the recent years in the
ﬁeld of neutron dosimetry, it can be stated that until now, there
has been no dosimeter able to measure accurately neutron dose
independent of the neutron spectrum. Moreover, the study and
testing of dosimeters on neutron energy distributions correspond
to the conditions actually observed at the workplace.
To use a neutron dosimeter in routine monitoring, a
Radioprotection and Environmental Measurement (RaMsEs) group
located at the Strasbourg University has developed a PN3 personal
dosimeter that successfully passed an inter-comparison test for
fast neutrons organized by the Institute for Radiological
Protection and Nuclear Safety (IRSN) [6,7] in 2008 and 2010. This
success has encouraged us to improve and extend research to a
PN3 personal neutron dosimeter based on thermal neutron detec-
tion via (n,a) reaction.
We note that few papers have already discussed the use of ther-
mal neutrons for evaluating the neutron equivalent dose Hp(10).
Indeed, some important points are still not fully developed.
Among them are the inﬂuence of etching conditions on detector
response; the detector sensitivity dependence on boron converters
and chemical and nuclear characteristics.
In the present work we ﬁrstly investigate the optimum etching
conditions under which the transparency of the detectors was
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Secondly, we associate two types of boron converters (BN1,
BE10) with a PN3 detector. Both dosimeters were simultaneously
irradiated with (252Cf + D2O) and (252Cf + D2O)/Cd) sources in terms
of Hp(10) ranging from 1 to 4 mSv. The irradiation procedure
described in Section 2.2.3 was performed at the IRSN facility,
where none of the neutron sources available to us produced only
slow neutrons. Finally, the calibration factor is established for
PN3 + BN1 against the standard equivalent dose for using it as a
personal neutron dosimeter in Section 3, followed by subsequent
analysis and discussions.Table 1
Values given in this table were estimated by means of the SRIM software [11].
Material Density (g/cm3) 10B(n,a)7Li reaction products
Range in lm
4He (1.47–1.78) MeV 7Li (0.84–1.01) MeV
BE10 2.34 3.29–4.07 1.70–1.91
BN1 2.34 3.55–4.39 1.84–2.06
PN3 1.32 6.11–7.47 3.19–3.562. Experimental
2.1. Optimization of etching conditions
Alpha particles induced by thermal neutrons via (n, a) reaction
are produced at a maximum energy of 1.47 MeV and a part of this
energy is lost to self-absorption within the boron converter before
the particle impinges on PN3.
On the one hand, an overly long etching time may erase the
tracks, on the other hand, an overly short etching time will lead
to ‘‘small’’ etched tracks that cannot be measured by our analysis
system. The last phenomenon has been observed in a previous
study on radon measurement in Bamako city (Traore et al. [8]).
Likewise, Lounis et al. [9] have shown that shorter etching times
(3–10 h) are required to reach the end of the alpha particle track
length compared with the proton recoil track for the same etching
time.
Based on the above results from previous studies, tests were
performed to investigate the response of a PN3 detector to alpha
particles in the energy range that includes those produced by ther-
mal neutrons. Another purpose of these tests is to determine the
optimal etching conditions.
The following section describes our study of the track diameter
distribution induced by mono-energetic alpha particles of an
energy interval from 0.3 to 5.48 MeV.
2.1.1. PN3 irradiation with alpha particles from 241Am source
Bare PN3 detectors were exposed in a vacuum stainless bowl, to
perpendicular alpha particles emitted by an 241Am source with an
initial energy of 5.48 MeV. The incident alpha energy on the detec-
tors was degraded with different Ni and Al thickness foils to obtain
the deﬁned energy matching that of the alpha particles emitted by
thermal neutron capture in boron. A silicon surface barrier detector
(from ORTEC company) with an energy resolution of 14 keV for a
5.5 MeV a particle, and a 100 mm2 active area connected to a mul-
tichannel analyzer have been used for energy monitoring after
degradation.
As commonly known, the track proﬁle and opening produced by
an alpha particle in a PN3 detector depend on the etching process
performed with an alkaline solution (i.e.: NaOH and KOH). Hot and
concentrated solutions result in an enlargement of the latent
tracks.
The etching procedure described in Section 3.1 was chosen to
optimize the signal due to the alpha particle tracks and to make
those tracks easily distinguishable for measurement within our
analysis system. The track diameter measurement for different
energies is facilitated by the great contrast between track size,
track brightness and the background.
2.1.2. Processing and analysis
The alpha particle-irradiated PN3 detectors were chemically
etched in 6.25 N NaOH at 70 ± 1 C. After etching, the detectors
were immersed in dilute HCl for 15 min, rinsed in distilled waterand dried. The thickness of the detectors was measured before
and after etching. The average bulk etch velocity was found to be
VB = 0.84 lm/h. The selected etching times were 7 h and 9 h taking
into account the reasons mentioned in Section 2.1, the bulk etch
rate value and the range of alpha particles in PN3 as mentioned
in Table 1.
Alpha-track-diameter measurement was performed using an
automatic image analyzing system consisting of a CCD camera
mounted on an optical microscope (10 magniﬁcation) with a
motorized XYZ stage piloted by a PC. The images of 100 optical
ﬁelds forming a scanned area of approximately 53 mm2, of each
detector were saved in .jpg format using the Visilog 5.4 software
(Noesis, http://www.noesis.fr/fr/index.html). All track images were
processed under the same conditions and analyzed using
ImageJ1.44 software (http://rsbweb.nih.gov/ij/).
2.2. Personal neutron dosimeter calibration
2.2.1. IRSN’s Van Gogh irradiator
The Van Gogh facility of the IRSN at Cadarache offers several
reference sources of neutrons: bare 241Am–Be, bare 252Cf, 252Cf
moderated with heavy water and 252Cf moderated by deuterium
with a 0.8 mm thick surrounding cadmium shell, which provide
the ISO-recommended standard neutron ﬁelds. Irradiation conﬁgu-
ration 1 consists of a standard 252Cf source moderated by 15 cm of
heavy water and contained in a 1.2 mm thick aluminum shell [10]
which produces the thermal neutron component.
In the second irradiation conﬁguration, we have covered the
ﬁrst conﬁguration with a cadmium outer cover to cut off slow neu-
trons that have energies below the so-called cadmium cut off
(0.5 eV). For each conﬁguration, the resulting energy spectrum is
shown in Fig. 1.
2.2.2. Neutron converters
A neutron is a neutral particle, that does not directly provoke
any ionization in the PN3 detector. To make the PN3 detector sen-
sitive to thermal neutrons in the range varying from 25 meV to
0.5 eV, it is placed in contact with the boron screen.
Boron-based neutron converters known under the commercial
designations BN1 and BE10, and based respectively on natural
boron (20% 10B, 80% 11B) and almost isotopically pure boron
(99% 10B), were purchased from the DOSIRAD Company
(http://dosirad.pagespro-orange.fr/DOC%20BN1-A.htm). Their data
show that the boron is contained in a 40 lm thick layer coated on a
100 lm thick polyester ﬁlm. The probability that a thermal
neutron will be captured in the BN1 converter is approximately
35%. For BE10, it is approximately 89%.
The 7Li ions, and a-particles produced by the capture of thermal
neutrons have maximum energies of 1.01 and 1.78 MeV, respec-
tively. Part of those energies is lost to self-absorption within the
radiator before the particle impinges on PN3.
Table 1 shows the reported ranges of the 10B(n,a)7Li reaction
products in PN3 as well as in different boron-based converter
materials BE10 and BN1.
Fig. 1. Neutrons spectrum emitted from the (Cf + D2O) and (Cf + D2O)/Cd sources (left). Data are taken from the IRSN [10]. At right a schematic diagram of irradiation and
dosimeter conﬁgurations is shown.
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PADC sheets, with dimensions of approximately 20  25 
1.5 mm3, are marketed by the APVL Company (http://www.apvl.
com) under the trade name PN3.
PN3 detectors coupled with the BN1 or BE10 converters were
placed in a Plastiplast envelope (http://www.e-pro.fr/seine-et-
marne/fabrication-d-articles-divers-en-matiere-plastique/plasti-
plast_f333620) forming the personal neutron dosimeters.
At the Van Gogh facility those dosimeters were irradiated by
neutron sources under conﬁguration 1 (252Cf + D2O) and 2
(Cf + D2O)/Cd at personal equivalent doses from 1 to 4 mSv in steps
of 1 mSv on a 30  30  15 cm3 ISO water-ﬁlled phantom. The
detectors were removed and etched at optimized conditions simi-
lar to those described in Section 2.1.2 (6.25 N NaOH at 70 ± 1 C, for
7 h).3. Results and discussion
3.1. Optimization of etching conditions
Fig. 2 shows the variation of the track diameter versus the
energy of the incident alpha particle, it also indicates that the track
diameter evolution mimics the alpha energy loss rate ‘‘dE/dx’’
inside PN3. The diameter increases with energy, reaches maxi-
mum, and then decreases at higher energy. At each energy level,Fig. 2. Diameters of etched alpha particle tracks in PN3 versus etching time.it should be noted that the track diameter increases as the etching
time increases. For 7 and 9 h, the shapes of the curves are very sim-
ilar. Thus, the PN3 response to alpha particles at different etching
times is in good agreement with several studies [12,13]. The etch-
ing condition looks good in light of these results and it can be
established that the alpha particles produced by thermal neutrons
with energies less than or equal to 1.47 MeV could be well distin-
guished and counted by our reading system. From this result, an
optimum etching time of 7 h has been retained for thermal neutron
dosimeter processing. A time longer than 7 h would reduce the
density of etched tracks induced by slow neutrons.
3.2. Personal neutron dosimeter calibration
The response of a dosimeter (PN3 + boron converter) is calcu-
lated using the following equation:
R ¼ T ð252CfþD2OÞ  Tð252CfþD2OÞ=Cd
Hpð10Þ ;
where T 252CfþD2Oð Þ refers to the track densities induced by the
(252Cf + D2O) neutron source per cm2;TðCfþD2OÞ=Cd indicates the track
densities induced by the (252Cf + D2O)/Cd neutron source per cm2
and Hp(10) is the neutron equivalent dose corresponding to both
sources.Fig. 3. Number of tracks induced by thermal neutron as a function of the total
equivalent dose rate.
Fig. 4. Charged particle tracks from the 10B(n,a)7Li reaction at a 3 mSv equivalent dose in the PN3 + BE10 (left) and PN3 + BN1 (right) conﬁgurations.
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the track densities related to the PN3 detector coupled with the
BN1 screen as a function of the personal equivalent dose. We
assumed that the subtracting method eliminated unwanted
scratches.
This linear relationship described closely by the 2826 ± 17 alpha
particle tracks.cm2.mSv1 can be used as a calibration curve for
the personal neutron dose ranging from 1 to 4 mSv. Uncertainties
are mainly due to the Poisson statistics. Further investigations
conﬁrmed that the nuclear track detector response to thermal
neutrons is linear [14,15].
In the case of the PN3 + BE10 dosimeter, we have found that
from 3 mSv, the PN3 detector is unsuited for optical microscopy
analysis. On account of the many overlapping tracks in PN3
(Fig. 4) which make it impossible to carry out counting and
exploitation, we could not reliably establish the relationship
between equivalent dose rate and number of tracks. Because of
its high content of 10B which resulted in high sensitivity, the
BE10 converter could be best used for ‘‘low’’ equivalent doses.
4. Conclusion
Although thermal neutrons are not commonly the major source
that contributes to neutron dose equivalent, they are of consider-
able importance in radiation protection because of their ability to
moderate fast neutrons. Results of this study therefore suggest
the need of improving detector sensitivity. For that, optimization
of the etching conditions and the track reading system has been
realized.
The response to thermal neutrons of PN3 coupled with the BN1
screen converter has been established for personal dose equiva-
lents between 1 and 4 mSv. The calibration factor was found to
be 2826 ± 17 tracks.cm2.mSv1. Below 1 mSv, the PN3 + BE10
dosimeter’s high sensitivity makes it particularly suitable for slow
neutron detection. Our study further highlights the possibility to
realize a new passive dosimeter based on thermal neutron detec-
tion that could be used for environmental routine monitoring in
the workplace.Acknowledgements
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